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Anuran amphibians utilize both skin and lungs for CO 2 elimination. Although each plays a role in the maintenance of acid-base balance, the lungs become increasingly important at elevated temperatures. Gottlieb and Jackson (23) showed that pulmonary elimination of CO 2 contributes 30 -75% of the total CO 2 loss at 20°C and varies directly with metabolic rate. Additionally, when bullfrogs in this study were made apneic at 20°C, arterial PCO 2 increased three-fold, while pH a decreased from ϳ8 to 7.6. Cutaneous gas exchange has been shown to be predominantly diffusion limited and independent of T b in amphibians (30, 37) . These experiments demonstrated that cutaneous CO 2 conductance is not regulated and does not take part in the active regulation of PCO 2 . At low T b (Յ10°C), however, bullfrogs use the skin as the primary mode of CO 2 elimination (30) . Consequently, preservation of acid-base homeostasis does not seem to require pulmonary ventilation at low T b (51) since submerged bullfrogs without access to air maintained at 7°C (pH a ϳ8.4) can fully compensate a metabolic acidosis following exhaustive exercise (pH a 7.6 returned to ϳ8.4 in 8 h) (52) .
Ventilatory sensitivity to acid-base disturbances in amphibians and other air-breathing vertebrates is derived primarily from CO 2 /pH sensitivity that occurs at various locations within the brain stem (17, 20, 36) . Since pulmonary control of acidbase homeostasis increases in importance as T b rises in amphibians, it is not surprising that the bullfrog CO 2 /pH sensory system can drive ventilation at elevated T b , while concurrently, become insensitive to changes in CO 2 /pH at lower temperatures that allow complete exchange of CO 2 across the skin. For example, the respiratory frequency of bullfrogs is highly sensitive to inhalation of 5% CO 2 at 20°C and 30°C, while at 10°C, respiratory frequency is completely insensitive to this stimulus (3) . Further, the modulation of respiratory CO 2 sensitivity appears to be of central origin because breathingrelated nerve activity from the bullfrog brain stem is sensitive to acidification at 20°C and 25°C, but exposure of the brain stem to 15°C reduces sensitivity to large, nonphysiological pH changes (38) . Despite extraordinarily high levels of respiratory drive at lower temperatures, bullfrogs lose chemoreceptive drive to breathe at cool temperatures. Additionally, central CO 2 /pH sensitivity exhibits similar temperature dependence in toads (7) These examples provide strong evidence that CO 2 / pH-sensitive neurons within chemosensitive areas in the brain stem of anuran amphibians may be equipped with mechanisms to upregulate or downregulate cellular chemosensitivity during changes in temperature depending on the necessity for pulmonary ventilation to regulate acid-base balance.
The locus coeruleus (LC) is a chemosensitive area within the brain stem that is used for ventilatory control in amphibians (19) . Focal acidification of the LC increases minute ventilation in vivo, while ablation attenuates the hypercapnic ventilatory response by abolishing increases in tidal volume (41) . We recently found that neurons within the LC of bullfrogs are highly sensitive to physiological levels of acidification by hypercapnic acidosis (HA) in vitro. Additionally, we demonstrated that LC neurons are intrinsically CO 2 /pH-sensitive (47) . Studying the influence of temperature on CO 2 /pH sensitivity of LC neurons provides an outlet to investigate temperaturedependent tuning of the anuran amphibian respiratory control system. We hypothesized that neurons within the bullfrog's LC would exhibit reduced sensitivity to CO 2 /pH changes at lower temperatures, while exposure to warmer temperatures would enhance their responsiveness. Further, we hypothesized that neurons of the bullfrog LC would decrease firing rates with cooling and increase firing rates with warming. To investigate these hypotheses, we used the whole cell patch-clamp technique to measure changes in membrane potential (V m ), firing frequency, and input resistance in LC neurons from brain stem slices during normocapnic and hypercapnic exposures over a physiological range of temperatures. To identify whether chemosensitive and temperature-sensitive responses were intrinsic vs. driven by chemical or electrical neurotransmission, we performed experiments with neural networks intact and blocked. Some of these data have been previously published in the form of a meeting abstract (48) .
METHODS

Brain Stem Slice Preparation
Adult bullfrogs, Lithobates catesbeianus, (n ϭ 44; 117 Ϯ 26 g) were housed in tanks containing 22°C water with access to wet and dry areas, exposed to 12:12-h light-dark cycles, and fed crickets ad libitum. Experiments were approved by the Wright State University Institutional Animal Care and Use Committee. After rapid decapitation, the head was submerged in 4°C artificial cerebral spinal fluid (aCSF; see Solutions for composition) equilibrated with 97.5% O 2, and 2.5% CO2, and the brain stem was dissected. Following dissection, the brain stem was adhered to an agar block using cyanoacrylate glue and then sectioned into ϳ400-m transverse slices using a Vibratome tissue slicer (Leica Microsystems, Buffalo Grove, IL). The locus coeruleus (LC) has been identified in several anuran amphibians, including Xenopus laevis (22) , Rana ridibunda (21) , Rana perezi (46) , Bufo schneideri (41) , Hyla versicolor (16) , and Lithobates catesbeianus (18) using tyrosine hydroxylase immunoreactive staining. Brain stem slices containing the locus coeruleus were given 1 h to recover at room temperature in control aCSF equilibrated with 80% O 2, 1.3% CO2, balance N2 (pH ϳ7.9). Following recovery from slicing, a transverse slice containing the LC was transferred to the polyethylene recording chamber with a glass coverslip base, immobilized with a nylon grid, and superfused with aCSF at a rate ϳ2.5 ml/min.
Temperature Control
The temperature of the chamber was controlled with a Warner Instruments bipolar temperature controller (model CL-100; Hamden, CT). The measured temperature of the bath varied Ϯ1°C depending on location of the thermocouple. To ensure precise temperature measurements at the exact location of the slice, the thermocouple was placed where the slice would be positioned during experiments, and the experimental temperatures were determined under identical conditions prior to experiments.
Solutions
aCSF was composed (in mM) of 104 NaCl, 4 KCl, 1.4 MgCl 2, 7.5 glucose, 40 NaHCO3, 2.5 CaCl2, and 1 NaH2PO4 (53). Gases were mixed using an infrared gas mixer (MFC-4 Mass Flow Controller, gas mixer; Sable Systems International, Las Vegas, NV) and continuously bubbled in solution. Control aCSF at 10°C, 15°C, 20°C, 26°C, and 30°C was equilibrated with 80% O 2, 1.3% CO2, and balance N2 (pH 7.83, 7.85, 7.87, 7.91, and 7.93, respectively). The solubility of gases is dependent on temperature. To maintain consistency and enable comparability of chemosensitivity in LC neurons at different temperatures, we kept the control gases constant at each experimental temperature and allowed pH to vary slightly. 1.3% CO 2 was chosen as the control because this is the percentage of CO2 that bullfrogs typically maintain during rest at 20°C (23, 24, 44) . Hypercapnic aCSF was identical to control aCSF, except the CO 2 was elevated to 3% (⌬pH from control aCSF ϭ 0.29), 5% (⌬pHϭ0.49), or 10% (⌬pHϭ0.82) depending on the experiment. The pH changes during HA were similar at all temperatures. To reduce neurotransmission due to chemical synapses and gap junctions, synaptic blockade media (SNB) was produced by lowering the CaCl 2 and raising the MgCl2 of aCSF to 0.2 mM and 11.4 mM, respectively (14) and adding 100 M carbenoxolone (CAR; Sigma-Aldrich, St. Louis, MO) to block gap junctions (12) . NaCl was adjusted to maintain the osmolarity of SNBϩCAR at ϳ317 mOsm.
Electrophysiological Recordings
Whole cell patch-clamp recordings were obtained as previously described (47) . Briefly, micropipettes with resistances of 4 -7 M⍀ were back-filled with mock-intracellular solution [composition (in mM): 110 K-gluconate, 2 MgCl 2, 10 HEPES, 1 Na2-ATP, 0.1 Na2-GTP, 2.5 EGTA; pH 7.2] (33) and placed over a AgCl2-coated Ag wire connected to Axon Instruments CV 203BU headstage (Molecular Devices, Sunnyvale, CA). The slice was visualized at ϫ4 magnification with a Nikon FN1 fixed-stage microscope (Nikon, Elgin, IL) using NIS Elements Imaging Software (Nikon). The LC was identified on the slice by its bilateral location adjacent to the fourth ventricle (for anatomy, see references presented in Brain Stem Slice Preparation). Individual neurons of interest were visualized at ϫ60 magnification prior to recording. A 10-ml syringe was connected to the headstage which was used to apply positive pressure through the pipette tip to keep the tip free of debris. A micromanipulator (Burleigh PCS 5000; Thorlabs, Newton, NJ) was used to position the pipette adjacent to the neuron of interest, and the pipette offset was zeroed prior to entering the on-cell configuration to ensure accurate V m measurements. Positive pressure was removed, and suction was applied until a Ն1 G⍀ seal existed between the pipette tip and cell membrane in the on-cell configuration. Further negative pressure was applied to rupture the seal and obtain whole-cell electrochemical access to the neuron. In several experiments, neurons located on a slice ϳ500 m rostral to the LC slice were recorded for negative controls. Changes in V m were recorded in "current-clamp mode" (Axopatch 200 B integrating patchclamp amplifier; Molecular Devices) and collected using Molecular Devices P10 Clampex software (Molecular Devices). Current-clamp recordings were analyzed off-line using pCLAMP software (Molecular Devices).
EXPERIMENTAL PROCEDURES
Effect of cold temperatures on firing rate and chemosensitivity of LC neurons. Upon entering whole-cell current-clamp mode, at least 5 min of baseline firing was recorded from 39 LC neurons (n ϭ 34 chemosensitive; n ϭ 5 nonchemosensitive) and seven negative control neurons (ϳ500 m rostral to LC) in control aCSF (1.3% CO 2) at 20°C. Since ϳ85% of neurons within the bullfrog LC have been shown to increase firing rates and undergo membrane depolarization during exposure to 5% CO 2 (47) , this stimulus at 20°C was used as a positive control for chemosensitivity in experiments investigating the influence of reduced temperatures on CO2/pH sensitivity in LC neurons. Once control firing rates and Vm were established, the LC neuron was exposed to 5% CO2 for 3-5 min. Only neurons that recovered firing rates and Vm after the return to control aCSF were used in subsequent experiments and included in this data set. Once firing rates of LC neurons returned to near-initial values, a slow cooling ramp to either 15°C (n ϭ 10) or 10°C (n ϭ 24) was applied. The chamber temperature was cooled to 15°in ϳ2 min and to 10°C in ϳ4 min. Baseline firing at the new temperature was established for ϳ2 min, and then the neuron was exposed to 5% CO 2 for 3-5 min at the lower temperature. The time required for 5% CO2 to induce increases in firing rates varied depending on individual neuronal sensitivity to CO2/pH and depth of neuron in the slice. This interneuron variability necessitated that the exposure time of 5% CO 2 vary between 3 and 5 min; however, HA exposures on the same neuron during control and cool temperatures were identical in length. For example, when a neuron was exposed to 5% CO 2 for 4 min at 20°C, the same neuron was also exposed to 5% CO 2 for 4 min at 10°C. In additional experiments, this procedure was also performed in the presence of SNBϩCAR (n ϭ 6).
Further experiments were completed in LC neurons following the previously described protocol with the addition that after HA (5% CO2) exposure was completed at 15°C, a subset of LC neurons (n ϭ 7) were then cooled to 10°C to make repeated-measures comparisons of CO2/pH sensitivity at 20°C, 15°C, and 10°C. Following CO2 exposures at 10°C, three further experiments were performed in a subset of chemosensitive LC neurons. First, nine LC neurons were returned to 20°C and then challenged with 5% CO2 to ensure reversibility of the changes in chemosensitivity observed at 10°C. Second, since cooling evoked large increases in firing rates and membrane depolarization (see Fig. 1 ) at 10°C, four chemosensitive LC neurons were injected with Ϫ16 Ϯ 8 pA of current at 10°C to control the initial firing rate to resemble the firing rates measured at 20°C. After ϳ2 min of controlled baseline firing at 10°C, HA (5% CO2) was administered All chemosensitive LC neurons decreased firing rates and underwent Vm hyperpolarization during warming (n ϭ 17; paired t-test; *P Ͻ 0.05); however, nonchemosensitive LC neurons (F) increased firing rates in response to warming (n ϭ 6; paired t-test; *P Ͻ 0.05).
and then removed after 3-5 min. Lastly, six chemosensitive LC neurons were exposed to 10% CO 2 at 10°C following the washout of 5% CO2 from the chamber.
Effect of High Temperatures on Firing Rate and Chemosensitivity of LC Neurons
The influence of warming on firing rate and chemosensitivity was investigated in 27 LC neurons (n ϭ 21 chemosensitive; n ϭ 6 nonchemosensitive). The procedure for determining the effect of warming on firing rate and V m of LC neurons was identical to the procedure for cooling except the chamber temperature was warmed to either 26°C (n ϭ 17) or 30°C (n ϭ 4). The bath temperature was warmed to 26°C in ϳ2.5 min and to 30°C in ϳ 3.5 min. The protocol for establishing the influence of warming on LC activity and chemosensitivity was also repeated in the presence of SNBϩCAR (n ϭ 5).
Similar to the cooling experiments, a subset of chemosensitive LC neurons (n ϭ 5) were returned to 20°C following determination of chemosensitivity at 26°C to ensure reversibility of the changes in CO 2/pH sensitivity observed at 26°C. To assess changes in the sensitivity to CO2/pH, rather than the magnitude of the response during 5% CO2, another group of chemosensitive LC neurons (n ϭ 5) were subjected to both 3 and 5% CO2 to elicit increases in firing rate at 20°C and 26°C.
Measurement of Input Resistance (R in) at Various Temperatures
Measuring the resistance that the headstage encounters during a negative current injection (input resistance; Rin) can provide insight into net channel opening or closing caused by different treatments. For example, excitatory chemosensitive LC neurons from bullfrogs undergo small increases in R in during exposure to 5% CO2, which suggests that increased excitability may be due to a net closure of (possibly K ϩ ) channels (47) . In contrast, some LC neurons in mice have been shown to increase firing rates, but decrease Rin, during 8% CO2 exposure. These results suggest that these LC neurons become more excitable during HA because of a net opening of nonselective cation channels (10). To measure Rin at different temperatures, two Ϫ25-pA and two Ϫ50-pA current pulses (800 ms/current pulse) were injected into LC neurons at 10°C, 15°C, 20°C, and 26°C. These negative current injections elicited hyperpolarization of the membrane. In most chemosensitive LC neurons, negative current injection resulted in depolarizing "sag," which indicates the presence of the hyperpolarization-activated current (I h) (42) . Average ⌬Vm (Vm during plateau of the hyperpolarization following the depolarizing "sag" Ϫcontrol Vm) from the four current injections was used in Ohm's law (⌬Vm ϭ IR) to calculate Rin.
Data Analysis
All values are reported as means Ϯ SE. The mean firing rate and V m during control, 5% CO2, and the return to control (washout) are reported at 10°C, 15°C, 20°C, and 26°C. Mean firing rate and Vm were calculated as described previously (47) . Washout of the response to HA typically took Ͻ5 min. Percent change in firing rate [(FR HA Ϫ FRInitial)/FRInitial ϫ 100] was used to quantify relative change in firing rate. The effect of temperature on firing rate during normocapnia was assessed by comparing the average integrated firing rate 1 min before cooling or warming with the first minute of average integrated firing once the new temperature was achieved. The effect of SNB and CAR on firing rate and V m have previously been described (47) and, therefore, were not reported in this study. Action potential properties were analyzed according to the diagram in the inset of Fig. 3B . The height of the action potential was measured from the threshold to the maximum height. The rate of depolarization was calculated as the height of the action potential divided by the time from the threshold to the peak. The half-width was analyzed by measuring the time halfway between threshold and peak during depolarization until halfway between threshold and peak during repolarization. The rate of repolarization was calculated as the height of the action potential divided by the time from peak to threshold. The afterhyperpolarization (AHP) was measured as the threshold subtracted from the lowest point following the action potential.
Statistical Analysis
Unless otherwise specified, comparisons among three means were analyzed using a two-tailed repeated-measures (RM) ANOVA with Tukey's post hoc test for multiple comparisons, while comparisons between two means were made using a two-tailed paired t-test. Frequencies of presence or absence of depolarizing "sag" during Ϫ25 and Ϫ50 pA current injections at different temperatures were analyzed using Fisher's exact test. A sigmoidal dose-response curve was fitted to a graph of temperature vs. average percent change in firing rate to quantify temperature at 50% maximal chemosensitivity. Significance was accepted in all statistical analyses when P Ͻ 0.05 (indicated by *). All statistical analyses were performed using GraphPad Prism (GraphPad Software, San Diego CA).
RESULTS
Influence of Temperature on Chemosensitive and Nonchemosensitive LC Neurons in aCSF
The majority of LC neurons in bullfrogs 54/65 (83%) exhibited increases in firing rate and membrane depolarization during exposure to HA in aCSF at 20°C. This is consistent with previously reported percentages of chemosensitivity (47) . Fig.  1A illustrates the firing response of a chemosensitive LC neuron during cooling of aCSF under normocapnic conditions. Surprisingly, firing rates of all chemosensitive LC neurons increased during cooling. At 20°C, chemosensitive LC neurons (n ϭ 24) had control firing rates of 0.60 Ϯ 0.13 Hz and after a ϳ4-min cooling ramp to 10°C, firing rates increased to 2.11 Ϯ 0.18 Hz (Q 10 ϭ 0.28; P Ͻ 0.05; Fig. 1B) . Additionally, chemosensitive LC neurons (n ϭ 24) underwent membrane depolarization during cooling (Ϫ43.54 Ϯ 1.35 mV at 20°C vs. Ϫ33.83 Ϯ 1.88 mV at 10°C; P Ͻ 0.05). In nonchemosensitive LC neurons, however, cooling from 20°C to 10°(n ϭ 3) did not affect firing rates (20°C: 1.81 Ϯ 0.58 Hz vs. 10°C: 1.53 Ϯ 0.89 Hz, P Ͼ 0.05; Q 10 ϭ 1.18; Fig. 1C ). The membrane potentials recorded at 20°C and 10°C did not differ in nonchemosensitive LC neurons (Ϫ49.13 mV vs. Ϫ47.38 mV; P Ͼ 0.05). Furthermore, nonchemosensitive neurons in a brain stem slice 500 m rostral to the slice containing the LC (n ϭ 7) had slowed firing rates during cooling from 20°C to 10°C (20°C ϭ 0.87 Ϯ 0.18 Hz vs. 10°C ϭ 0.19 Ϯ 0.06; Q 10 ϭ 14.5, P Ͻ 0.05) and underwent membrane hyperpolarization (20°C ϭ Ϫ47.86 Ϯ 1.32 mV vs. 10°C ϭ Ϫ56.03 Ϯ 2.70 mV; P Ͻ 0.05). To assess whether these firing responses of chemosensitive LC neurons were due to modulation of temperature-sensitive ionic conductances intrinsic to the neuron or temperature sensitive-synaptic transmission, cooling and warming experiments were performed in the presence of low input resistance in chemosensitive LC neurons, but inhibition of synaptic transmission or gap junctions due to cooling may account for a portion of the increased R in observed in control aCSF (56) .
Since temperature-sensitive firing and R in responses of chemosensitive LC neurons have an apparent intrinsic component, we measured changes in action potential properties at 20°C and 10°C (n ϭ 9) to gain insight into the possible temperaturesensitive ionic conductance mediating the cold-induced increases in firing rates of chemosensitive LC neurons. These results are summarized in Table 1 . Fig. 3B illustrates the cooling-induced increase in action potential half-width in addition to the slower repolarization rate, while Fig. 3C demonstrates the decrease in afterhyperpolarization during cooling.
During the measurement of R in we observed depolarizing "sag" upon negative current injection in the majority of chemosensitive LC neurons. The presence of depolarizing "sag" in response to hyperpolarizing current in whole cell currentclamp configuration is the signature of expression of hyperpolarization-activated cyclic nucleotide gated channels, which mediate the hyperpolarization-activated current (I h ) (4). The presence or absence of depolarizing "sag" in chemosensitive LC neurons depended on the magnitude of the current injection, as well as temperature. Few chemosensitive LC neurons exhibited "sag" during negative current injection at 10°C (Fig. 4A) ; however, the majority of neurons demonstrated the presence of sag at 15°C (Fig. 4B), 20°C (Fig. 4C), and 26°C (Fig. 4D) . The proportion of neurons exhibiting "sag" during Ϫ25 and Ϫ50 pA at each temperature did not occur by chance (two-tailed Fisher exact test; P Ͻ 0.05), suggesting that increasingly negative current injections were able to activate I h . In addition, the proportion of neurons exhibiting "sag" differed at 20°C and 10°C with Ϫ50-pA injections (100% vs. 33%; two-tailed Fisher exact test; P Ͻ 0.05), suggesting that cooling may alter the conductance of I h or shift the voltage dependence of activation to more negative potentials. These results are summarized in Fig. 4 , A-D.
Influence of Cooling on Chemosensitivity in LC Neurons
In this set of experiments 34/39 (87%), LC neurons exhibited increased firing rate when exposed to 5% CO 2 at 20°C. Chemosensitivity was then measured either at 15°C (n ϭ 10) or 
Presence of Depolarizing "Sag"
Absence of Depolarizing "Sag" 10 mV 1 s Fig. 4 . Cooling alters the percentage of chemosensitive LC neurons exhibiting depolarizing "sag" (characteristic of hyperpolarization-activated current; Ih) upon Ϫ25-pA and Ϫ50-pA current injection. The presence of depolarizing "sag" is indicated by an arrow head under each example. a= and aЉ (identical labeling for all temperatures) are representative examples demonstrating the most frequent occurrence of depolarizing "sag" at each temperature during Ϫ25 pA (=) and Ϫ50 pA (Љ) at 10°C. To illustrate the influence of temperature on the presence of depolarizing "sag," A-C were obtained from the same neuron; however, the raw trace used in D was acquired during a separate experiment. A: most neurons do not exhibit depolarizing "sag" with Ϫ25 pA or Ϫ50 pA current injection at 10°C; however (B), shows that sag becomes prevalent at 15°C with Ϫ50 pA current injection (90% of neurons express "sag"). C and D: Ͼ90% of neurons demonstrate depolarizing "sag" during Ϫ50-pA current injection, while 40% of neurons exhibit "sag" during Ϫ25 pA injection. These data show that increasingly negative current injection increases the likelihood of observing depolarizing "sag" (Fisher exact test; P Ͻ 0.05 for all temperatures). Additionally, the probability of observing "sag" during Ϫ50 pA current injection was greater at 20°C (100% of neurons exhibited "sag") compared with 10°C (33% of neurons exhibited "sag"; Fisher exact test; P Ͻ 0.05). 10°C (n ϭ 24) in these chemosensitive neurons. At 20°C and 15°C, exposure to 5% CO 2 resulted in reversible firing rate increases (RM-ANOVA; P Ͻ 0.05; Fig. 5, A and B) ; however, 5% CO 2 did not elicit any change in firing rate at 10°C (RM-ANOVA: P Ͼ 0.05; Fig. 5C ). Transitioning LC neurons from control to 5% CO 2 led to depolarization of the membrane at 20°C (Ϫ45.50 Ϯ 0.99 mV vs. Ϫ41.48 Ϯ 0.89 mV) and 15°C (Ϫ42.57 Ϯ 2.18 mV vs. Ϫ39.27 Ϯ 1.9 mV) (P Ͻ 0.05 for both temperatures); however, at 10°C, transitioning from control to 5% CO 2 did not result in depolarization (Ϫ33.92 Ϯ 2.59 vs. Ϫ34.65 Ϯ 1.50 mV; P Ͼ 0.05). In all neurons tested (n ϭ 10), percent increase in firing rates during exposure to 5% CO 2 was greater at 20°C compared with 15°C (20°C: 168.1 Ϯ 20.58% vs. 15°C: 58.11% Ϯ 7.94%; P Ͻ 0.05), while cooling to 10°C (n ϭ 24) eliminated the relative increase in firing rate during HA (20°C: 253.0 Ϯ 38.95 vs. 10°C: 6.07% Ϯ 2.68%; paired t-test; P Ͻ 0.05).
To make a repeated-measures comparison of chemosensitive firing responses at all three temperatures, 7 LC neurons were exposed to 5% CO 2 at 20°C, 15°C, and 10°C. In each neuron, firing rate increased during 5% CO 2 exposure at 20°C, exhibited a smaller increase in firing rate at 15°C, and showed no change in firing rate at 10°C (Fig. 5D) . Additionally, to assess whether the elimination of CO 2 sensitivity at 10°C was intrinsic vs. synaptically driven, 5% CO 2 exposures were performed in the presence of chemical and electrical synaptic blockade (SNBϩCAR) at 20°C and 10°C. The elimination of CO 2 /pH sensitivity at 10°C persisted in the presence of chemical and electrical synaptic blockade (P Ͻ 0.05; Fig. 5E ), suggesting that cooling reduces sensitivity to CO 2 /pH through a mechanism intrinsic to LC neurons. Fig. 1B shows that cooling resulted in increases in firing rate of LC neurons. To ensure that the elimination of CO 2 /pH sensitivity was a result of cooling to 10°C and not the consequence of elevated initial firing rates, a subset of LC neurons (n ϭ 4) were injected with Ϫ16 Ϯ 8 pA to slow firing rate to control values at 20°C following completion of an exposure to 5% CO 2 at 10°C (Fig. 6 ). As demonstrated in Fig. 6 , exposure to 5% CO 2 at 20°C caused significant, reversible increases in firing rate (RM-ANOVA; P Ͻ 0.05), which were not present at 10°C (RM-ANOVA; P Ͼ 0.05). Slowing the firing rate at 10°C to the control firing rate observed at 20°C did not result in increases in firing rate during exposure to 5% CO 2 . This demonstrates that cooling per se eliminates chemosensitivity in LC neurons and the removal of LC chemosensitivity during cooling is not dependent on baseline firing rate.
To ensure that elimination of chemosensitivity in LC neurons upon cooling to 10°C is reversible, 10 neurons were returned to 20°C and exposed to 5% CO 2 following testing of chemosensitivity at 10°C (Fig. 7A) . Exposure of LC neurons to 5% CO 2 resulted in a 259.7 Ϯ 74.7% increase in firing rate at 20°C, but not at 10°C (0.54 Ϯ 5.5% increase). Upon the return to 20°C, increases in firing rates during 5% CO 2 exposure were restored to near-initial values (212.0 Ϯ 63.66% greater than baseline firing) (Fig. 7B ).
Santin and Hartzler (47) found that 10% CO 2 results in a 3ϫ greater increase in firing rate compared with 5% CO 2 in chemosensitive LC neurons. We reasoned that cooling may cause a "right-shift" in the sensitivity to CO 2 /pH, requiring a larger ⌬CO 2 /pH to observe an increase in firing rate at 10°C. Therefore, LC neurons (n ϭ 6) were exposed to 10% CO 2 at 10°C following washout of 5% CO 2 (Fig. 7C) . In these neurons, 5% CO 2 at 20°C caused a 161.7 Ϯ 43.45% increase in firing rate compared with baseline, while 5% and 10% CO 2 at 10°C resulted in a 7.25 Ϯ 2.55% and 4.81 Ϯ 9.99 increase in firing rate, respectively (Fig. 7D) . Even with an extraordinarily high partial pressure of CO 2 (76 mmHg) and acidification (⌬pHϭ0.82), LC neurons do not alter firing rates when exposed to HA at 10°C.
Influence of Warming on Chemosensitivity in LC Neurons
In this set of experiments, 17/23 (74%) LC neurons were found to be chemosensitive at 20°C. Since warming caused firing rates to fall below 0.2 Hz (shown in Fig. 1 ), neurons were injected with depolarizing current (ϳ5 pA) until firing reached ϳ0.5 Hz to ensure similarity between control firing rates at 20°C and 26°C. Exposure to HA (5% CO 2 ) at 26°C induced larger changes in firing rate compared with 20°C in all neurons (20°C: 168.5 Ϯ 17.52% increase vs. 26°C: 362 Ϯ 43.53% increase; P Ͻ 0.05) (Fig. 8A) . In addition to chemosensitive LC neurons having a more than twofold increase in the relative firing rate change during HA, 10 of 17 chemosensitive neurons increased absolute firing rate during HA (paired t-test; P Ͻ 0.05; Fig. 8B ). The membrane depolarized during HA at 20°C (control: Ϫ41.52 Ϯ 1.05 vs. 5% CO 2 : Ϫ36.70 Ϯ 1.01) and 26°C (control: Ϫ38.90 Ϯ 1.68 mV vs. CO 2 : Ϫ35.37 Ϯ 1.61 mV). To determine whether increases in relative firing rate due to HA were reversible following exposure of the neuron to 26°C, LC neurons (n ϭ 6) were returned to 20°C (Fig. 8C) . Five of six neurons increased the magnitude of their firing responses during 5% CO 2 at 26°C and returned to near-control chemosensitivity upon the return to 20°C (P Ͻ 0.05). Unlike the increases in chemosensitivity observed with chemical and electrical networks intact, exposure of LC neurons to 5% CO 2 in the presence of chemical and electrical synaptic blockade did not result in increased chemoresponsiveness (20°C: 97.61 Ϯ 21.39% vs. 26°C: 105.6 Ϯ 10.20; P Ͼ 0.05; Fig. 8D ). These results demonstrate the possibility that increases in chemosensitivity of LC neurons at 26°C may be mediated by synaptic/gap junctiondriven mechanisms.
To assess whether increasing temperature caused elevated CO 2 /pH sensitivity vs. an increase in the magnitude of the response to HA, five LC neurons were exposed to 3 and 5% CO 2 (Fig. 9A ). Both CO 2 percentage and temperature increased the relative change in firing rate. (two-way ANOVA; P Ͻ 0.05) (Fig. 9B) . The slopes of the firing response during exposure to 3 and 5 CO 2 are nearly parallel (ANCOVA; P Ͼ 0.05 20°C: 74 Ϯ 14% increase in firing rate per 1% CO 2 increase vs. 26°C: 96 Ϯ 35% increase in firing per 1% CO 2 increase) (Fig.  9B) , suggesting temperature influences the magnitude of the firing response at a given temperature and not CO 2 /pH sensitivity. Fig. 10 shows pooled data for relative increases in firing rate during 5% CO 2 exposure at 10°C, 15°C, 20°C, 26°C, and 30°C. The firing response to CO 2 increases sigmoidally with temperature (Hill coefficient ϭ 7.59). Interestingly, the temperature at half-maximal firing during elevated CO 2 occurs at ϳ20°C, which is near the mean preferred body temperature of many anuran amphibians (26) .
DISCUSSION
This study generated several interesting findings. Strikingly, cooling increased, while warming decreased, the firing rates of chemosensitive LC neurons under normocapnic conditions. These unexpected responses to changes in temperature were not observed in non-CO 2 /pH-sensitive LC neurons and neurons located ϳ500 m rostral to the LC. As anticipated, cooling reduced CO 2 /pH sensitivity of LC neurons in a temperaturedependent manner. Surprisingly, chemosensitive responses were completely eliminated by cooling to 10°C, even in response to relatively large hypercapnic acidotic stimuli (10% CO 2 ; ⌬pH from control ϭ 0.82). Warming also increased chemosensitivity in LC neurons. Over half of the chemosensitive LC neurons tested had larger increases in absolute firing rates during exposure to 5% CO 2 at 26°C compared with 20°C, . To ensure that elimination of CO2/pH induced firing responses at 10°C was the result of cooling and not a greater initial firing rate, four chemosensitive LC neurons at 20°C were cooled to 10°C and then exposed to HA. At 20°C, each neuron increased its firing rate during HA (5% CO2; *P Ͻ 0.05) and showed no increase in firing rates during exposure to 5% CO2 (expressed as percent change in baseline during HA). Upon washout of 5% CO2 at 10°C, Ϫ16 Ϯ 8 pA of current was injected to slow the initial firing rate [10°C firing rate (FR) controlled]. LC neurons did not increase firing rates during 5% CO2 exposure with firing rate controlled.
while most neurons had greater relative increases in firing rate at 26°C compared with 20°C in response to hypercapnia.
Modulation of Cellular Chemosensitivity in Anuran Respiratory Control
CO 2 is a powerful stimulator of breathing in terrestrial air-breathing tetrapods (36) . The magnitude of the increase in breathing during hypercarbia is proportional to body temperature in anuran amphibians (3, 7) . The relationship between temperature and ventilatory sensitivity to hypercarbia is, at least partly, due to modulation of central chemosensitivity because cooling the brain stem reduces respiratory related nerve activity during acidification (38) . Additionally, cooling blunts the ventilatory response to central acidification (7) . To gain insight into a possible neuronal mechanism responsible for modulation of CO 2 /pH sensitivity within the respiratory network of amphibians, we studied chemosensitivity of LC neurons from bullfrogs over a physiological range of temperatures. Like breathing in the intact animal and respiratory related nerve activity in the brain stem, we demonstrated that chemosensitivity of individual LC neurons exhibits temperature dependence (Fig. 10) .
Exposure to 4.5% CO 2 acidifies pH a from 7.9 to ϳ7.6 and results in a ϳ3-fold increase in breathing at 20 -22°C in bullfrogs (28) . In contrast, Tattersal and Boutlier (52) found that bullfrogs can use cutaneous gas exchange to compensate a metabolic acidosis (pH a ϭ 8.4 to 7.6) when submerged without access to air at temperatures Յ10°C, suggesting that lung ventilation is neither used for acid-base regulation nor stimulated by acidosis at low temperatures. These two examples illustrate that body temperature dictates whether or not bullfrogs increase breathing during arterial acidification. Given the overall importance of the LC as a respiratory chemoreceptive site in anuran amphibians (41) , our data suggest that reduction in cellular chemosensitivity of LC neurons may play a role in inhibiting respiratory drive during acid-base disturbances at low temperatures where the skin is sufficient to maintain temperature-dependent acid balance. As temperature increases, however, lung ventilation becomes increasingly critical for regulation of acid-base balance in amphibians (27, 30, 54) . In the toad, Bufo paracnemis, the ventilatory sensitivity to inspired CO 2 increased from 15°C to 25°C, but increased only slightly from 25°C to 35°C (7). We posit that enhanced chemoreceptor sensitivity with increasing temperature may be necessary to detect changes in acid-base status and elicit ventilatory compensation as lung ventilation increases in importance. In direct comparison to ventilatory sensitivity to elevated CO 2 in toads, we found that LC neurons from bullfrogs increase the magnitude of their chemosensitive responses during temperature increases from 10°C until a plateau at A: integrated firing rate for a neuron exposed to 5% CO2 at 20°C, 10°C, and after the return to 20°C. Switching from normocapnic to hypercapnic artificial cerebrospinal fluid (aCSF) (5% CO2) caused increased firing at 20°C. After cooling to 10°C, firing rate was controlled by injecting negative current (indicated by downward arrow) to maintain initial firing rate near control firing used at 20°C. This neuron does not increase firing rate at 10°C during HA. Follow washout of HA at 10°C, the bath temperature was returned to 20°C. Positive current (indicated by upward arrow) was injected to stabilize control firing rate. This neuron had a larger absolute increase in firing rate during HA upon return to 20°C. This example demonstrates that chemosensitivity recovers when the neuron is returned to 20°C. B: percent change in firing rate of 10 chemosensitive LC neurons during HA at 20°C, 10°C, and return to 20°C. All neurons exhibiting chemosensitive responses at 20°C lost chemosensitivity at 10°C and fully recovered chemosensitive responses when returned to 20°C (RM ANOVA; *P Ͻ 0.05). C: integrated firing rate of a chemosensitive LC neuron during exposure to 5% and 10% CO2 at 10°C. First, the neuron was exposed to 5% CO2 at 20°C to determine baseline chemosensitivity. The neuron was then cooled to 10°C (downward arrow indicates negative current used to control initial firing rate) and exposed to 5% and 10% CO2. This neuron did not increase firing rate during 5% CO2 (⌬pH ϭ 0.49) or 10% CO2 (⌬pH ϭ 0.82) exposure. D: all five neurons exhibiting chemosensitive responses at 20°C did not increase firing rates during exposure to either 5% or 10% CO2 (RM ANOVA; *P Ͻ 0.05).
ϳ26°C (Fig. 10) , where half-maximal chemosensitivity of LC neurons of bullfrogs occurred at ϳ20°C. The chemosensitive response vs. temperature plot follows a sigmoidal curve and has a Hill slope of 7.6, which demonstrates that small changes in temperature deviating from 20°C will have a profound impact on the magnitude of neuronal output from LC neurons during changes in CO 2 /pH. The response of LC neurons during changes in temperature clearly parallels the overall chemosensitive drive to breathe in anuran amphibians (3, 7) , at least in bullfrogs acclimated to ϳ20°C. Unlike other ectotherms (11), Wang et al. (54) showed that anuran amphibians are able to maintain Ϫ⌬pH/⌬T b with no change in ventilation relative to metabolic rate; therefore, lung ventilation is less important at low temperatures and essential at high temperatures during acid-base disturbances. Wang et al. speculate that this may occur because lung ventilation functions in concert with cutaneous gas exchange. This respiratory control strategy appears to be mediated by reducing central sensitivity to CO 2 /pH with cooling and increasing sensitivity to CO 2 /pH with warming (7) . Given that LC neurons in bullfrogs exhibit similar changes in sensitivity with temperature, our data provide correlative evidence for the mechanistic role of the LC in regulation of Ϫ⌬pH/⌬T b in anuran amphibians.
Changes in CO 2 /pH sensitivities of LC neurons during changes in temperature corroborate findings from the brain stem and whole-animal ventilatory responses in bullfrogs. Minute ventilation and breathing related-nerve activity typically decrease with decreasing temperature in ectothermic vertebrates (38, 50) . Paradoxically, we found that warming decreased, while cooling increased the control firing rates of chemosensitive LC neurons. To put these findings into context, it is useful to identify aspects of anuran respiratory control that either increase with cooling, decrease with warming, or remain unaffected by temperature. Kruhøffer et al. (29) demonstrated that the toad, Bufo paracnemus, increased minute ventilation by ϳ4-fold during an increase in temperature 15°C to 32°C. Strikingly, tidal volume was unchanged during this temperature increase, while respiratory frequency increased by sixfold. In the bullfrog brain stem preparation, temperature did not influence the tidal volume correlates of fictive breaths, burst duration, or amplitude, despite proportional changes in frequency with temperature (38) . Noronha de Souza et al. (41) showed that ablation of the LC in amphibians resulted in the inability to increase tidal volume during exposure to hypercarbia without influencing respiratory frequency. Therefore, the LC appears to mediate increases in minute ventilation through increases in the tidal volume. Since we found that cooling stimulates and warming depresses firing in LC neurons, it is plausible that altering LC output in this manner may regulate tidal volume during changes in temperature. The physiological function of cold-activated/warm-inhibited chemosensitive LC neurons in amphibians must be confirmed in vivo to demonstrate a role for temperature sensitivity of LC neurons in respiratory control during body temperature changes. Further, the amphibian LC is considered to be homologous to the LC of mammals based on its anatomical location, noradrenergic content, and its axonal projections to the telencephalon (32) . Given the anatomical homology and its analogous role in respiratory control, the functional consequences, i.e., learning and memory, stress response, and cardiorespiratory control (2) of a cold-activated/warm-inhibited noradrenergic system on amphibians physiology will be interesting to explore.
Temperature Modulation of LC Chemosensitivity
The relationships between the cellular components that "sense" changes in CO 2 /pH (termed, chemosensory transducer) and respiratory control remain speculative (25) ; however, in vitro electrophysiological approaches have been incredibly useful in generating putative mechanisms of CO 2 /pH sensitivity involved in respiratory control (43) . Our results from the LC of bullfrogs yield novel insights into potential mechanisms responsible for altering the magnitude of the chemosensitive response during changes in temperature. Cooling reduced CO 2 /pH sensitivity and to our surprise, completely eliminated chemosensitive responses at 10°C. These responses persisted in the presence of chemical and electrical blockade, suggesting that reduction in chemosensitive responses with cooling were intrinsic rather than mediated by changes in chemical or electrical synaptic transmission. Three approaches to investigating this loss of chemoresponsiveness at 10°C all suggest that cooling to 10°C causes cessation of cellular CO 2 /pH sensitivity. First, chemosensitive responses of LC neurons ceased when increases in firing rate due to cold activation (ϳ0.5-Hz to 2-Hz firing rate; Fig. 6 ) were compensated by negative current injection to control the initial firing rate (ϳ0.4-Hz firing rate) at 10°C. Maintained reduction in chemosensitivity at 10°C with the initial firing rate controlled shows that elimination of chemosensitivity is not caused by a "ceiling effect," which would prevent the neuron from further increasing firing during excitatory stimuli, such as HA. Second, upon return to 20°C, all neurons restored chemosensitive responses to near-initial values. Restoration of sensitivity to CO 2 /pH sensitivity demonstrates that chemosensitive responses did not run down over time (Fig. 7B) . Lastly, exposure of LC neurons to 10% CO 2 (⌬pH ϭ 0.82) did not evoke increases in firing rate (Fig. 7D) . At ϳ20°C, 10% CO 2 induces firing rate increases that are ϳ3-fold larger than those observed using 5% CO 2 (47) . Given that such a large chemosensory stimulus did not evoke firing responses from LC neurons at 10°C, cooling appears to completely elimi- A: integrated firing rate of a chemosensitive LC neuron exposed to 3% and 5% CO2 at 20°C, followed by exposure to 3% and 5% CO2 at 26°C (upward arrow indicates depolarizing current injection to maintain firing rate). The horizontal dashed gray line matches the firing response to 3% CO2 at 20°C and 26°C and the horizontal solid gray line matches the firing response to 5% CO2 at 20°C and 26°C to illustrate that warming increased the magnitude of the firing response to HA. B: mean percent change in firing rate during HA of five chemosensitive LC neurons exposed to 3% and 5% CO2 at 20°C, followed by exposure to 3% and 5% CO2 at 26°C. Increasing temperature and CO2 increased in the percent change in firing rate (two-way ANOVA; P Ͻ 0.05). The slopes of the lines (⌬firing rate/⌬CO2) at 20°C and 26°C were not different (ANCOVA; P Ͼ 0.05), demonstrating that temperatures increased the magnitude of the firing response, rather than the sensitivity, to changes in CO2/pH.
Temperature (°C) 5 ; therefore, these relative changes in firing rate were calculated with increasing control firing rate. At 26°C and 30°C, initial firing rate was adjusted to ϳ0.5 Hz to counteract decreases in firing rate due to increased temperature. Chemosensitive LC neurons did not increase firing rates during exposure to 5% CO2 at 10°C and increased CO2 responsiveness sigmoidally as temperature increased until reaching a plateau at ϳ26°C (R 2 ϭ 0.52). The temperature at half-maximal CO2 responsiveness occurred at 19.5°C. nate chemotransduction. In direct contrast to cooling, warming to 26°C caused reversible increases in firing responses to 5% CO 2 (Fig. 8C ). Warming appears to influence the magnitude of the firing response at any given CO 2 /pH change because exposure of LC neurons to 3% and 5% CO 2 did not reveal increases in the slopes of the firing responses, i.e., sensitivity (Fig. 9) . The changes in the magnitude of the response to HA did not persist in the presence of chemical and electrical synaptic blockade, suggesting that increases in chemosensitivity at higher temperatures are networkdriven. Since cooling appears to intrinsically reduce the magnitude of the firing responses, we argue that our data provide evidence toward a mechanism by which cooling modifies the number of chemosensory transducer molecules available to elicit increases in firing rate during HA. Although incompletely understood at this time, our data imply that warming increases firing in responses to CO 2 /pH through a separate, synaptically driven mechanism.
Neuronal chemosensitivity is generally considered to arise by expressing pH-activated, inward-conducting cation channels (i.e., ASIC1a and TRP channels) or CO 2 /pH-inhibited, outward-conducting K ϩ channels (10, 25, 43, 57) . Although the cellular mechanism(s) that mediate chemosensitivity in LC neurons of bullfrogs are unknown, our data demonstrate that temperature changes modify the magnitude, i.e., the size of the firing response induced by a given CO 2 /pH change, rather than the sensitivity, i.e., how much CO 2 /pH is required to elicit a chemosensory response. Interestingly, temperature has a profound influence on the conductances of ion channels implicated in mediating cellular pH sensitivity. Protons inhibit conductance through the tandem-pore (K 2 P) K ϩ leak channel TASK-1 (15), which has a Q 10 of 2 (55), i.e., this channel is inhibited by both low pH and decreasing temperature. Additionally, ASIC1a is a proton-activated Na ϩ channel, which has an inactivation Q 10 of 2.25; therefore, these channels are opened or available to be opened by protons and cold temperatures (5) . The reduction in CO 2 /pH sensitivity at low temperatures may be mediated by changes in ion channel open/closed probabilities.
Increases in the chemosensitive response to 5% CO 2 when the temperature was elevated from 20°C to 26°C did not persist in all neurons during chemical and electrical synaptic blockade ( Fig. 8D ; three of five neurons; means not statistically different), suggesting that chemical and gap junction-mediated transmission may play a role in increased CO 2 /pH responsiveness at higher temperatures. Chemical and electrical blockade did not influence the magnitude of the chemosensitive response of bullfrog LC neurons at ϳ20°C (47). Many factors could lead to enhanced neurotransmission (e.g., enhanced neurotransmitter release and decreased neurotransmitter reuptake). Although glutamate release has a Q 10 of 3.6 -5.5 (40), we are unaware of a mechanism that explains how increases in temperature could enhance neurotransmitter release specifically during HA to enhance the magnitude of the firing responses to HA compared with 20°C. Additionally, low pH has been shown to enhance inward current through a subtype of the kainate (glutamate) receptor (39) ; however, the modulatory role of temperature on pH-dependent activity of neurotransmitter-gated ion channels has not been investigated.
Effect of Temperature on Chemosensitive LC Neurons
Contrary to our hypothesis, we observed increases in firing frequency with cooling and decreases in firing frequency of chemosensitive LC neurons with warming ( Fig. 1) . Coldactivated neurons have been studied in the dorsal root and the trigeminal ganglia for cold-sensory transduction (35, 45) and in the preoptic area of the hypothalamus (POAH) for thermoregulation (6) . Hippocampal neurons have also been shown to depolarize during cooling (13, 49) . Strikingly, all chemosensitive neurons in the LC of bullfrogs (83% of the LC neurons studied) displayed either cold-activation or warm-inhibition, while only ϳ15% of neurons studied within the trigeminal ganglion, ϳ7% of neurons in the dorsal root ganglion (35) , and ϳ5% of neurons in the POAH (55) demonstrate cold-activation. The large proportion of neurons exhibiting cold-activation/warm-inhibition within the LC of bullfrog makes them an excellent model system in which to study mechanisms of neuronal temperature sensitivity. Interestingly, these firing responses during acute changes in temperature were not present in nonchemosensitive LC neurons and neurons in a slice ϳ500 m rostral to the LC, suggesting that cold-activated responses were unique to chemosensitive LC neurons We are unsure of the functional implication of cold-activated/warming-inhibited chemosensitive LC neurons (discussed above in Modulation of Cellular Chemosensitivity in Anuran Respiratory Control); however, our results provide evidence supporting the role of thermosensitive K ϩ channels in cold-activated responses. We observed increases in R in at 10°C in addition to action potential broadening, reduced rate of repolarization, and reduced AHP. Increases in R in , wider action potentials, and reduced AHP coupled with increases in neuronal excitability are consistent with inhibiting K ϩ conductance (34) . As mentioned in the Temperature Modulation of LC Chemosensitivity section, TASK-1 in addition to TREK-1 have Q 10 s that favor reduced conductance during cooling (31, 55) . Inhibition of K ϩ conductance during cooling would cause depolarization and increased firing rate. Such a mechanism involving TREK-1 has been suggested to cause increased excitability in neurons of the hippocampus (13) . Further, given that input resistance decreased in neurons that decreased firing rate with warming, the mechanism responsible for cold-activation is also probably responsible for warm-inhibition of chemosensitive LC neurons, e.g., closing a K ϩ channel during cooling and opening the same K ϩ channel during warming. We also gathered evidence that cooling may decrease the hyperpolarization-activated current (I h ; Fig. 4 ) in chemosensitive LC neurons. Delineating the physiological role of I h in the function of chemosensitive LC neurons will clearly require further study. Overall, our data provide evidence that multiple temperature-sensitive ionic conductances may shape the firing and V m responses to temperature changes in chemosensitive LC neurons.
Perspectives and Significance
Bullfrogs have a broad geographical distribution within North America and experience grossly different temperatures depending on their locations and the season. Under different environmental conditions, respiratory and acid-base regulation requirements vary dramatically. Over the course of a day, ambient temperature fluctuates significantly; therefore, acute changes in body temperature impose many physiological chal-lenges to bullfrogs. Given the relationship between temperature, central chemoreception, breathing, and acid-base regulation, compensatory mechanisms within LC neurons of bullfrogs at warm and cold temperatures provide mechanistic insight into how the brain can modify respiratory drive to satisfy homeostatic requirements under incredibly variable environmental conditions.
Mechanisms of neuronal thermosensitivity are well delineated in the peripheral nervous system; however, mechanisms and functional consequences of neuronal temperature sensitivity in the central nervous system of vertebrates are poorly understood. To our knowledge, our data are the first to suggest a role for intrinsically cold-activated and warm-inhibited brain stem neurons in central control of physiological systems in vertebrates. Given that only chemosensitive LC neurons demonstrated cold-activation/warm-inhibition, a relationship may exist between temperature sensitivity and respiratory control. Uncovering the causes of thermosensation in chemosensitive LC neurons, in addition to their functional significance, will provide new insight into cellular mechanisms of the central nervous system required to combat unavoidable changes in brain temperature to control systems-level output.
